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Abstract

Hafnium metal is used in a wide range of industries such as microprocessor manufacturing, nuclear reactors and special
alloys due to its physical, chemical and radiation properties. Emulsion liquid membrane (ELM) is an effective and efficient
alternative for heavy metal separation compared to conventional methods due to high selectivity, energy-saving, high mass
transfer and low operating capital. In this study, Cyanex 572 as a carrier, Span 85 as a surfactant, hydrochloric acid as an
internal phase and kerosene as a diluent were used. In the first part of the study, the stability of the emulsions was investi-
gated. The most stable emulsions were obtained by adding PIB polymer (3% w/v), Span 85 surfactant (3% w/v) and stirring
for 15 min. In the second part, the separation of hafnium metal ions from aqueous solutions was investigated using ELM
technique. The highest separation was obtained at 4% (v/v) as carrier concentration, 4% (w/v) as surfactant concentration,
the membrane-to-feed volume ratio of 20/100 and W/O/W emulsion stirring rate and time equal to 400 rpm and 5 min,
respectively. Moreover, to optimize the factors influencing the tests, the design of experiment (DOE) was performed using
D-optimal method via Design Expert 10 software. Based on DOE results, the maximum extraction (>99%) was achieved
when the carrier concentration, the surfactant concentration, W/O/W emulsion stirring time, W/O/W emulsion stirring rate
and emulsion volume/feed phase ratio were 4.49% v/v, 3.90% w/v, 11.49 min, 310.54 rpm and 2:1, respectively.
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Introduction

With the development of different industries, an increase
in the separation process efficiency and a decrease in the
energy consumption of the separation process have become
important goals of any separation technique. Therefore, it is
important to select a suitable separation method or develop
and study innovative techniques which are accessible and
easy to construct and have the potential to meet the above-
mentioned goals [1].

Membrane separation has gained much attention due to
its cost-effectiveness. However, to date, membrane processes
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have found little industrial applications. The reasons for this
can be due to its low separation rate and selectivity [2-5].
Nonetheless, to further improve the separation efficiency,
a newer method has been developed. In this method, very
high separation efficiency is achieved by employing liquid
membranes with the aid of special agents (carriers) which
facilitate the mass transfer of the specific component for
separation [6].

The emulsion liquid membrane (ELM) has advantages
over other methods that make it preferable. These advan-
tages include less energy requirement, high separation
selectivity, high mass transfer rate and less residence time
[7]. To date, ELM technique has been used for the separa-
tion of many materials such as phenol [8], amino acids [9]
and metals such as silver [10], gold [11], molybdenum [12],
arsenic [13], platinum [14], rhodium [15], cadmium [16],
cobalt [17], copper [18, 19], uranium [20], palladium [21],
chromium [22], zinc [23], zirconium [24] neodymium and
gadolinium [25].
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The ELM system consists of the internal phase as the
striping phase, the external phase as the feed phase and
the membrane phase (carrier, diluent and surfactant). The
general method in this technique is to first mix the internal
phase and the membrane phase using a high-speed homog-
enizer, and then after forming a stable emulsion, it would
be placed in the external phase for separation. Finally, the
de-emulsification operation is performed on the emulsion,
and the membrane phase enters the emulsification process
for reuse [26]. Figure 1 shows an overview of this process.

Hafnium metal has important applications in gas and
electric lights manufacturing, radiation control in nuclear
reactors, refining oxygen and nitrogen, and in the durabil-
ity improvement of refractory metals such as tungsten and
tantalum. In regard to the environmental impacts of Hf, it
is stated that its dust increases the risk of fire and explosion
[27-29]. Until now, hafnium extraction has been performed
in several ways such as liquid-liquid extraction [30], hydro-
gen plasma arc melting [31], resins [32, 33] and hollow fiber
renewal liquid membrane technique [24]. So far, various
carriers such as Ionquest 801 [34], benzyl alcohol [35], di-
n-butyl sulfoxide (DBSO) [36], Cyanex 921, Cyanex 923,
Cyanex 925 [37], DEHPA, Cyanex 272, TBP, Primene JTM,
Alamine 336 and Aliquat 336 [38], TOP, DOS, D2EHPA

HCI solution

Membrane phase

= phase (W/0)

internal phasc + membranc

[39], PC 88A, Lix 63 [40] have been used to extract hafnium
ions. However, to the best of our knowledge, the extraction
of the Hf metal via the emulsion liquid membrane using the
Cyanex 572 carrier has not been reported so far. Cyanex 572
carrier is a highly stable phosphorus-based chelating carrier
which has been specially formulated for the extraction and
purification of rare earth elements. Table 1 shows the physi-
cal properties of Cyanex 572. It is stated that Cyanex 572
carrier has more advantages over the traditional phosphonic
acid carriers [41, 42].

In this study, first, the important factors affecting the
extraction process of hafnium ions were investigated using
ELM technique. Then, response surface methodology
(RSM) was used to find levels of factors influencing the test

Table 1 Physical properties of Cyanex 572

Sample Physical properties of Cyanex 572

Appearance (clarity) Colorless to light amber liquid

Specific gravity 0.93-0.95 g/cm®
Viscosity 25 °C <50 CP
Viscosity 50 °C <25CP
Active strength >29M

4 Blade maripe propeller

External phase containing
metal

&

Analysis (AAS)

Span 85 + Cyancex 572
+ 1B

i [
H*

ELM phase containing
heavy metal

; { 150 mm
N
Surfactant § 95 mm 2

—> Baftle

Batfle ‘]V”f'\

Processing tanks

Fig. 1 A schematic diagram of the emulsion liquid membrane process
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process. Finally, among the experimental design methods
in RSM, the D-optimal design method was used to find the
optimized operational condition.

Material and method
Chemicals

Hafnium(IV) chloride (Merck) and hydrochloric acid
(Merck) were used as external and internal phases, respec-
tively. The sorbitan trioleate emulsifier (Cqy H;pg Os,
MW =957.51 g/mol from Sigma-Aldrich) or equivalently
Span 85 was used as the emulsion stabilizer. The polyisobu-
tylene (PIB, Sigma-Aldrich) with a molecular weight of
125,0000 was used as the additive polymer (non-Newtonian
fluid). Cyanex 572 (Cytec Canada) was used as the carrier.
Kerosene from Sigma-Aldrich was used as the diluent in
the organic phase, and sulfuric acid, sodium hydroxide and
nitric acid (Merck) were used for pH adjustment. In addition,
deionized water was used during the testing process.

Apparatus

The laboratory homogenizer T25 digital Ultra-Turrax Model
IKA with a range of 2500-24,000 rpm was used to make the
initial emulsion. A SHIN SAENG Model SDS-41D labora-
tory mixer made in Korea was used to stir the solutions dur-
ing extraction. Inductively coupled plasma atomic emission
spectroscopy (optima 7300 DV, Perkin Elmer) was used to
determine the concentration of hafnium ions in feed samples.
The pH meter 3505 Jenway was used to measure the pH of
aqueous solutions. KOKUSAN H-11n centrifuge was used
to break the ELM and separate the organic phase from the
external phase. Cylindrical glass container 90 mm in diam-
eter and 150 mm high was used, which is equipped with four
4-mm diameter glass bars as a baffle to cause turbulences. A
4-blade propeller with a blade angle of 45 degrees relative to
its central axis, and a diameter equal to 25 mm and a width
of 9 mm was used to stir the solutions during extraction.

The digital scale of RADWAG model AS 220/C/2 was
used for weighing chemicals in all experiments. A shak-
ing water bath model SWBR27 made by SHEL LAB was
used to mix the chemicals in an isothermal environment.
The Malvern Zen 3600 Zetasizer dynamic light scattering
instrument was used to measure the size of the emulsions in
the liquid phase.

Experimental procedure

Initially, the external phase was prepared by dissolv-
ing 0.178 g hafnium chloride in 100 ml water (100 ppm

molar). External phase pH was adjusted using nitric acid
or sodium hydroxide.

The membrane phase was prepared by mixing a certain
amount of organic phase including Cyanex 572 (concen-
tration in the organic phase 0-6 v/v %) as the carrier and
Span 85 as the emulsifier (concentration in the organic
phase 1-5 w/v %) with kerosene as the diluent (total vol-
ume ~ 100 ml). The mixture was introduced to the homog-
enizer. During mixing, to improve the membrane stability,
5 ml of a prepared mixture of PIB in kerosene (concentra-
tion ranging 1-4% w/v) was added slowly to the homog-
enizer (at 10,000 rpm) and stirred for 5 to 25 min. To
form the emulsion, the internal phase (hydrochloric acid
(HCI) in deionized water with concentration ranging from
0.2 to 1 M) was added dropwise to the homogenizer con-
taining the organic phase. Finally, 100 ml of the formed
W/O emulsion was added to 500 ml of the external phase
solution (feed phase) under mild stirring condition (rang-
ing from 250 to 450 rpm) and formed the emulsion liquid
membrane (ELM).

Analytical method

At different times, a sample of the W/O/W was taken
(~ 10 ml) and transported to a separator funnel where
enough time was given to the emulsion to separate into
organic-rich and aqueous-rich phases. The phases were
carefully separated and transferred to two different meas-
uring cylinders, and their volumes were measured. The
organic-rich phase was heated to break the W/O emulsion
and form two phases: organic and aqueous. The volume of
each phase was measured after the separation. The emul-
sion swelling, the extraction fraction and the enrichment
are calculated using Eqs. 1-3 [43]:

0

Vi—V?
Emulsion swollen percentage : Sw(%) = < ! - > x 100

ey
Q-G
Extraction fraction : E = 2)
Ce
0
Ci
Enrichment : Cg, = F‘i 3)
0

where Vi0 and V; are the initial volume and the final volume
of the internal phase, respectively. C; and C; are the initial
and the final concentration of the metal ion in the external
and internal phases in ppm, respectively.

The emulsion stability is calculated using the mem-
brane leakage percentage via the following formula:
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Vr
Leakage = 70 x 100 4)

1

where Vy is the volume of the leaked internal phase to the
external phase and calculated via the following relation:

Vo V0 10PH, — 10PH.
R 7e 7 qopt — 0

H+.,i

&)

VS is the initial volume of the external phase, C% 418
the initial concentration of H* in the internal phase, pH, is
the initial pH of the external phase, and pHi is the external
phase pH collected via the separating funnel at any sampling

time (7).

Results and discussion
Membrane stability

Preparing a preliminary emulsion (W/O) that does not
break in contact with the external phase is a major fac-
tor in the successful fabrication of any emulsion liquid
membrane. Unfortunately, the widespread use of the emul-
sion liquid membrane is limited due to the instability of
the emulsion globules. With the breakdown of emulsion
globules, the internal phase mixes with the external phase,
which reduces the extraction efficiency. Therefore, mem-
brane stability improvement is one of the most important
aspects of ELM [44-46]. Several methods have been
reported to improve the stability of the emulsion liquid
membrane; the most important factors are: (1) to increase
emulsifier concentration, (2) to increase membrane viscos-
ity and (3) using a non-Newtonian diluent as the membrane
medium. Moreover, factors such as emulsification time,
type and amount of surfactant, type and concentration of
the internal phase, and the volume ratio of the internal
phase to the membrane phase impact the membrane stabil-
ity [47, 48]. Park et al. [49] examined a stable emulsion by
substituting the membrane medium with a non-Newtonian
fluid to separate benzoic acid from the external phase. The
results showed that with an increase in polyisobutylene
polymer concentration from 0.5 to 1.5%, and an increase
in viscosity from 4.2 to 43 cP, the extraction fraction
reached more than 0.96. In another study, Barad et al.
[50] investigated the stability of ELM in the extraction of
aromatic amines by changing various parameters such as
emulsifier concentration, acidic internal phase concentra-
tion and mixing rate. They reported that by increasing the
concentration of acid in the internal phase from 0.1 to 1 N,
emulsion swelling increased. In addition, by examining the
various concentrations of emulsifiers, they found that at
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low concentrations of emulsifiers (less than 3% w/v) the
emulsions were stable for a short time, which increased
when concentration of emulsifiers increased to 7%.

In this study, a solution of HCI was used as the internal
phase (striping phase). Membrane stability is evaluated by
the membrane leakage method and the effect of each vari-
able (e.g., polymer and surfactant concentration, emulsifi-
cation time, internal phase concentration and internal-to-
oil volume ratio) on the emulsion stability is investigated.

The effect of polymer concentration

There are two opposite phenomena related to an increase
in polymer concentration. On the one hand, the mem-
brane stability is improved (due to increased membrane
viscosity) by polymer concentration. On the other hand,
an increase in the polymer concentration increases the
mass transfer resistance [44, 51]. The addition of poly-
mer causes the membrane phase to change its rheology
from Newtonian fluid to non-Newtonian fluid. Skelland
suggested, for the first time, that the conversion of the
membrane phase from Newtonian to non-Newtonian liquid
by the addition could occur upon the addition of polymer.
Adding a suitable polymer to the membrane phase is a
new technique that would increase the stability of ELM
without a significant reduction in permeability of the
membrane [52]. One of the predominant benefits of poly-
mer in the formulation of emulsions is its recyclability.
The recovery of the polymer can be achieved without any
changes in its property. Brugger and Richtering stated that
poly(N-isopropylacrylamide)-comethacrylic acid polymers
improve the stability of the emulsions significantly [53].

Lee and Yeo studied the role of a dilute polymer solu-
tion on the stability of the emulsion. They stated that addi-
tion of a small quantity of polymer reduced the emulsion
swelling without affecting the extraction [54]. Mortaheb
et al. used a new polyamine-type surfactant for the extrac-
tion of phenol by ELM from aqueous solutions and showed
that the new surfactant was more efficient than Span 80
that is widely used in ELM systems [55, 56]. Figure 2
shows that increasing the polymer concentration (PIB)
from 1 to 3% (w/v) increases emulsion stability. However,
by increasing the polymer concentration to values greater
than 3% (w/v), the leakage increased. The reason could be
due to interactions between PIB and Span 80. The decrease
in the membrane stability with further increase in PIB con-
centration could be due to the migration of surfactants
from the interface of the aqueous phase and organic phase
due to an increase in the steric effects of PIB. In addition,
experiments without the polymer showed that in general,
the leakage increased with time compared to experiments
in which PIB was used [57].
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Fig. 2 Effect of polymer (PIB) concentration on the stability of ELM
(Cyanex 572: 4.5% (v/v), internal phase HCI concentration: 0.8 M,
mixing rate: 400 rpm, Hf concentration in the external (feed) phase:
100 ppm, emulsification time: 15 min, internal phase-to-membrane
phase volume ratio: 1/1, emulsion-to-external phase volume ratio:
20/100, surfactant concentration: 3% (w/v))

Effect of surfactant concentration

In the ELM process, on the one hand, the surfactants sta-
bilize the membrane. On the other hand, the concentra-
tion of surfactant adversely affects the extraction efficiency
by reducing the solutes’ mass transfer from the external
phase into the internal phase within emulsion globules
[58]. The layer formed by the surfactant between the aque-
ous phase and the organic phase controls the emulsion
stability. As the surfactant concentration increases, more
molecules migrate to the interface of the aqueous phase
and the organic phase. Generally, the higher the surfactant
concentration, the greater the mass transfer resistance at
the interface and lower membrane permeability and leak-
age [59].
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Fig.3 Effect of surfactant (Span 85) concentration on the stability
of ELM (Cyanex 572: 4.5% (v/v), internal phase HCI concentration:
0.8 M, mixing rate: 400 rpm, Hf concentration in the external (feed)
phase: 100 ppm, emulsification time: 15 min, internal phase-to-mem-
brane phase volume ratio: 1/1, emulsion-to-external phase volume
ratio: 20/100, PIB: 3% (w/v))

The effect of Span 85 surfactant concentration on W/O
emulsion stability is shown in Fig. 3. As can be seen in the
figure at low surfactant concentrations, the emulsion is less
stable, which may be contributed to the lack of stabilizing
agents at the interface of external phase and globules. How-
ever, this trend was not monotonic, and by increasing the
surfactant concentration to values greater than 3% (w/v), the
emulsion stability decreased. The decrease in the stability
may be attributed to an increase in the steric effects between
surfactant pair molecules and surfactants and PIB pair mol-
ecules, which could lead to the migration of some of the
surfactant molecules from the interface of the organic phase
and feed phase and forming reversed micelles in the aqueous
phase. The formed reversed micelles could destabilize the

100

—=— Emulsification time (5 min)
— e— Emulsification time (10 min)
sod—*— Emulsification time (15 min)
— ©- - Emulsification time (20 min)
- -# - Emulsification time (25 min) »

Leakage (%)

Time (min)

Fig.4 Effect of emulsification time on the stability of ELM (Cyanex
572: 4.5% (v/v), internal phase HCIl concentration: 0.8 M, mix-
ing rate: 400 rpm, Hf concentration in the external (feed) phase:
100 ppm, internal phase-to-membrane phase volume ratio: 1/1,
emulsion-to-external phase volume ratio: 20/100, PIB: 3% (w/v), sur-
factant concentration: 3% (w/v))

100

[—=—HCL (02 M)
—e— HCL (0.4 M)
80 J—*—HCL (0.6 M)
— - ~HCL (0.8 M)
—-=--HCL ( 1 M)

Leakage (%)

Time (min)

Fig.5 Effect of HCI concentration in the internal phase on the stabil-
ity of ELM (Cyanex 572: 4.5% (v/v), mixing rate: 400 rpm, Hf con-
centration in the external (feed) phase: 100 ppm, emulsification time:
15 min, internal phase-to-membrane phase volume ratio: 1/1, emul-
sion-to-external phase volume ratio: 20/100, PIB 3% (w/v), surfactant
concentration: 3% (w/v))
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Fig. 6 Effect of phase ratio on stability of ELM (Cyanex 572: 4.5%
(v/v), mixing rate: 400 rpm, Hf concentration in the external (feed)
phase: 100 ppm, emulsification time: 15 min, internal phase HCI con-
centration: 0.8 M, emulsion-to-external phase volume ratio: 20/100,
PIB: 3% (w/v), surfactant concentration: 3% (w/v))

Fig.7 Effect of surfactant (Span

membrane phase via interaction with oil droplets. Moreover,
an increase in the surfactant concentration could lead to an
increase in the osmotic pressure of the internal phase, fol-
lowed by swelling and potentially the breakage of the mem-
brane phase (e.g., increase in the leakage) [60, 61].

It is noteworthy that at high surfactant concentrations, the
surfactant acts as a barrier at the interface interfering the for-
mation of carrier—solute complex and therefore, decreasing
the extraction rate [62]. The results showed that the optimum
concentration of surfactant was 3% w/v.

Effect of emulsification time

Experiments with emulsification time from 0 to 30 min
were conducted to determine the effect of emulsion mixing
time on membrane stability. The results are demonstrated
in Fig. 4 and show that for emulsion mixing time less than
10 min, the emulsion was less stable and broke down quicker
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compared to more extended emulsion mixing time tests. The
observed instability could be due to the less homogenization
extent of the internal phase with the membrane phase. Also
for 10-min emulsion mixing time data point, the emulsion
droplet size was large, which facilitated the membrane leak-
age. In contrast, increasing the emulsification time to values
greater than 10 and smaller than 15 min, the highest emul-
sion stability was obtained. This could be due to a better
homogenization of internal and membrane phases compared
to cases with lower emulsification time. However, it was
observed that by increasing the mixing time beyond 15 min,
the emulsion stability decreased. The observed decrease in
the emulsion stability may be attributed to the formation of
new interfaces (due to an increase in the number density
of droplets), hence causing a shortage in the available sur-
factant molecules per unit area of the droplets [60, 63—65].
As a result, the emulsion mixing time equal to 15 min was
chosen.

Fig. 8 Effect of carrier (Cyanex

Effect of internal phase concentration

Another effective parameter on the emulsion stability is the
concentration of the internal phase (stripping) [66]. Figure 5
shows the effect of internal phase concentration on emul-
sion stability. The results in Fig. 5 show that on the one
hand, increasing the internal phase concentration from 0.2
to 0.8 M increases the emulsion stability. On the other hand,
the membrane stability decreases with further increase in
the concentration of HCI solution from 0.8 to 1 M. It should
be noted that at high concentrations of HCI, the decrease
in emulsion stability may be due to the increased interac-
tion between HCL and surfactant. Therefore, an increase in
the concentration of the internal phase causes the osmotic
swelling of the internal phase (stripping) resulting in desta-
bilization of the emulsion [67]. The optimum concentration
of the internal phase to yield a stable emulsion was found to
be equal to 0.8 M.
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Effect of internal phase-to-membrane phase volume ratio

The effect of the ratio of internal phase volume to mem-
brane phase volume on W/O stability is shown in Fig. 6.
As shown in Fig. 6, the stability of the emulsion increases
with an increasing volume ratio of phases. Although it may
seem reasonable to choose 1:1 volume ratio as the optimum
condition for W/O/W cases, one should note that an increase
in the volume ratio of the internal phase has an inverse effect
on the stability and extraction of in ELM process. It is stated
that an increase in the volume ratio of the internal phase to
the emulsion phase causes an increase in the average size
of the droplets as well as a stretch in the size distribution
extent of globules. This would decrease the interfacial con-
tact area between the emulsion and the external phase and
hence, decreases the extraction efficiency. Moreover, in high
volume ratio experiments, the amount of the organic phase

Fig.9 Effect of emulsion-to-

may not be enough to embed all the internal aqueous phase,
which in turn make the dispersion of W/O emulsion in the
external phase to be more challenging. Therefore, to pre-
pare a less challenging dispersion in the synthesis of W/O/W
emulsion, which contains more uniform globule size, the
ratio of 1:1 was considered [60, 68, 69].

Extraction of Hafnium ions by emulsion liquid
membrane method

Effect of surfactant concentration

As stated in the previous section (emulsion stability),
the primary role of surfactants in the emulsion structure
is to enhance emulsion stability. The emulsion stability
is a strong function of the type and concentration of sur-
factants and affects the performance of metal ion extraction
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in the emulsion liquid membrane (ELM) method [47]. In
this research, Span 85 and the polyisobutylene (PIB) were
employed to improve the emulsion stability. Surfactant con-
centrations have a two-way effect on the rate of metal ion
extraction.

On the one hand, increasing the concentration of sur-
factant increases the emulsion stability by decreasing the
surface tension between the phases. On the other hand, an
increase in the surfactant concentration increases the viscos-
ity of the membrane [58]. Therefore, although the membrane
stability enhances, its viscosity would increase at the same
time. An increase in the viscosity leads to a reduction in
both the diffusion coefficient and the relative carrier con-
centration (at the interface) which subsequently leads to a
reduction in the mass transfer rate of the metal ions in the
membrane phase.

According to Fig. 7a, by increasing the surfactant con-
centration (Span 85) from 1 to 4%, the extraction rate is

Fig. 10 Effect of W/O/W emul-

increased. However, by increasing the Span 85 concen-
tration beyond 4%, the separation rate decreases due to
the addition of an extra mass transfer resistance on the
interface of the membrane and the external phases that
interferes with the formation of the carrier—solute com-
plex [70].

In addition, it can be stated from Fig. 7b that as the con-
centration of surfactant passes~3 w/v%, the carrier—sol-
ute complex should overcome more resistance (due to an
increase in the steric effect of surfactant on the internal
phase interface) to release its content in the internal phase.
Therefore, the separation efficiency decreases with further
increase in the concentration of the surface-active reagents.
Moreover, the results showed that the penetration of water
from the external phase to the internal phase and hence,
swelling increased with an increase in the surfactant concen-
tration, and therefore decreased the enrichment [71].
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Effect of carrier concentration

A carrier and its complex with the desired component should
be soluble in the membrane phase but insoluble in the inter-
nal and external phases [72]. In general, the presence of
carrier material in the liquid membrane controls the extrac-
tion efficiency of the target component as carriers transport
Hf ions through the membrane. In this study, Cyanex 572
as a chelating carrier suitable for the separation of rare met-
als was used. It is claimed that Cyanex 572 carrier is more
advantages over the traditional phosphonic acid carrier [73].
The effect of Cyanex 572 extractant concentration on Hf
ion extraction using ELM technique is shown in Fig. 8a.
As the concentration of carrier material increased from O to
4.5 vol%, the extraction fraction increased.

However, when the carrier concentration was ~ 6 vol%,
the extraction rate decreased. The amount of carrier mate-
rial directly affected the complex formation rate, thereby
increasing the mass transfer rate. Nevertheless, at high
concentrations, the carrier molecules adsorb competitively

Fig. 11 Effect of W/O/W ()

with the surfactant molecules at the interface of the inter-
nal phase and the membrane phase, increasing the inter-
facial tension and the internal droplet diameter, reducing
the mass transfer coefficient and ultimately the mass trans-
fer rate. Figure 8b shows the effect of carrier concentra-
tion on extraction, enrichment and emulsion swelling. As
expected, the enrichment increased as the carrier concen-
tration increased. Because of the higher carrier content
inside the membrane, more complexation with the dis-
solved material was created and, therefore, the enrichment
increases. Since the carrier material is insoluble in water,
it can act as a barrier to water entry and reduce the system
swelling. Therefore, at high concentrations of the carrier
material, the system swelling decreases [2].

The effect of the emulsion/feed phase volume ratio
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stability. On the other hand, it reduces the mass transfer coef-
ficient and reduces the extraction rate [47]. The effect of the
emulsion to the feed (external) phase volume ratio is pre-
sented in Fig. 9a. The results show that as the emulsion-to-
external phase volume ratio increases, the emulsion swells
and the extraction rate decreases. The effect of the emulsion-
to-external phase volume ratio on enrichment and emulsion
swelling is shown in Fig. 9b. As can be seen from Fig. 9b,
higher volume ratios resulted in a higher internal phase
swelling, a higher internal phase dilution and a decrease in
the enrichment [61].

Effect of W/O/W emulsion stirring speed

One of the most important factors affecting the membrane
stability and extraction efficiency in the ELM process is
the mixing rate and the intensity of the turbulence in the
external phase, which directly affects the mass transfer of
solute in the system [74]. Proper stirring should be able to
disperse the emulsions into separated droplets throughout
the external phase and create a uniform distribution of the
emulsified cells. This would potentially maximize the con-
tact between the emulsion phase and the external phase,
which would increase the extraction efficiency. In order to
achieve this, in addition to using the proper stirring rate,
the location of the stirrer blade inside the external phase is
also important [75]. Investigations in this work showed that
the best place to place the stirrer blade is within the lower
third of the solution, in which case it can disperse the cells
throughout the external phase. Increasing the stirring rate
in the extraction step can have two opposite effects [76]. On
the one hand, an increase in stirring rate can increase the
dispersity of the emulsion cells and reduce the average emul-
sion droplet size in the external phase. On the other hand,
this increase in the stirring rate can increase the breakage/
coalescence rate of the emulsion cells due to an increase
in the collision rate between the cells. As can be seen in
Fig. 10a, with increasing mechanical stirrer rate from 250
to 400 rpm, the extraction rate increases and as the stir-
rer speed increases, the extraction enters a downward trend.
In fact, as the stirrer speed increases, the diameter of the
formed globules initially decreases, followed by the mass
transfer coefficient and surface area increased, resulting in

Table 2 Levels of factors in the D-optimal design

Factors Symbol Unit -1 0 +1
Carrier concentration X, vy 1.5 3 45
Surfactant concentration X, (wlv) 2 3 4
W/O/W emulsion stirring time X; min 10 15 20
W/O/W emulsion stirring speed X, rpm 300 350 400
Emulsion volume/feed phase ratio Xj N/A 2 3 4

higher extraction fraction. However, at high stirring rates,
as the cells became smaller, the swelling increased, and the
emulsion breakdown reduced the extraction rate. Figure 10b
shows the effect of stirring speed on extraction, enrichment
and emulsion swelling. With increasing the stirring speed,
the water transfer from the external phase to the internal
phase increases (e.g., swelling increases). On the other hand,
the enrichment decreases with increasing mixer speed. At
low speeds, the size of the emulsion cells increases and the
mass transfer rate decreases [77].

Effect of W/O/W emulsion stirring time

Increasing the contact time, on the one hand, increases the
mass transfer time and thus, the extraction rate is increased.
On the other hand, increasing contact time due to internal
phase leakage into the external phase causes swelling and
consequently, emulsion breakdown and decreases extraction
rate [78]. The important thing about the contact time in the
emulsion liquid membrane process is that most of the extrac-
tion is done at the early stages of the process. The reason is
the high mass transfer driving force at the beginning of the
process. Figure 11a shows that the extraction rate increases
with increasing time up to 15 min, and then, the extrac-
tion rate decreases. Almost most of the Hf extraction is per-
formed in the first few minutes, and over time, the cells swell
and the extraction decreases. As can be seen in Fig. 11a, as
time increases, the swelling increases with the contact time,
which can lead to emulsion breakdown. It is also important
to note that contact time does not have a significant effect
on enrichment.

Particle size test

Dynamic light scattering (DLS) apparatus was used to
determine the emulsion particle size distribution in the
experiments. A random sample of produced emulsions was
analyzed with DLS, and the results are shown in Fig. 11b.
According to Fig. 11b, the average particle size leaving the
homogenizer at 16,000 rpm was 61 nm in size, indicating the
formation of nano-emulsions in the experiments.

Modeling and optimization of hafnium ion
extraction using design of experiment

In the classic one factor at a time (OFAT) method, to cal-
culate various factors and find the optimal points of each
factor, the response is examined for each factor, while all
other factors are kept constant. Thus, the major weakness
of this method is the lack of interaction between the factors
and the existence of a large number of experiments [79].
This is a trial-and-error method and is not by any specific
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Table 3 D-optimal design

; . . Run AX, B:X, C:X;3 D:X, E:X; Hf%
matrix for Hf ion extraction

1 3 3 15 350 1 82.84
2 4.5 2 10 400 4 95.01
3 1.5 2 10 300 4 51.7
4 3 3 25 350 3 75.45
5 3 3 15 350 3 76.9
6 4.5 4 20 400 4 60.12
7 4.5 4 10 300 4 90.78
8 3 1 15 350 3 76.1
9 1.5 4 20 400 2 87.8
10 1.5 4 10 400 4 79.6
11 3 3 15 350 3 73.9
12 4.5 2 10 300 2 77.9
13 4.5 2 20 400 2 98.9
14 1.5 2 20 400 4 82.12
15 3 3 15 350 3 78.12
16 1.5 4 10 300 2 66.34
17 0 3 15 350 3 69.12
18 3 3 15 450 3 88.29
19 3 3 5 350 3 79.12
20 3 3 15 350 3 75.9
21 4.5 2 20 300 4 66.91
22 1.5 4 20 300 4 68.8
23 6 3 15 350 3 97.6
24 3 3 15 350 3 77.8
25 3 3 15 350 3 78.23
26 3 3 15 250 3 60.6
27 3 3 15 350 5 71.21
28 4.5 4 20 300 2 97.34
29 1.5 2 10 400 2 81.43
30 3 5 15 350 3 91.38
31 1.5 2 20 300 2 37.23
32 4.5 4 10 400 2 97.09

standard. As a result, the design of experiment method was
used to overcome these problems. In the Design of Experi-
ment (DOE) method, the factors are tested simultaneously
in order to obtain an appropriate response [80]. For this
purpose, response surface methodology (RSM) was used
to find levels of influencing factors for testing. RSM is a set
of statistical and mathematical methods useful for devel-
oping, improving and optimizing products and processes
[81]. There are several methods to design experiments in
RSM, such as Box—Behnken design (BBD) [82], central
composite design (CCD) [83] and D-optimal design [84].
Of the methods mentioned, the D-optimal design method
is particularly important because of the reduction in the
number of samples and the optimization of the regression
models. This method allows us to propose the best possible
design using a criterion. The model used in the D-optimal
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method is generally the quadratic relation. The quadratic
relation (Eq. 6) describes the behavior of the system:

kook k
2 Z BiXiX; + Z pix; + €
i=1

i=1 j=1

k
Y=fo+ ) BXi+ ©)
i=1

where Y is the predicted response, f3, is the constant coef-
ficient, f3; is the linear effect, f;; is the square effect, f; is the
interaction effect, and € is system error value. Equation 6
is solved using Design Expert 10 software to estimate the
response of independent variables. The significance of each
sentence in the regression equation is examined, and the
analysis of variance (ANOVA) determines the significance
of the model for each response [85]. Table 2 shows the fac-
tors influencing the test process at high and low levels. The
five important factors studied are extraction concentration,



Journal of the Iranian Chemical Society (2021) 18:87-107

99

Design-Expert® Softw. o
o Predicted vs. Actual

HE %
(a)
Color paints by value of 120 ,
%.9 /
[ 7
37.23
100 — B/
o 80 —|
3
o
Jod
o 80 o’
.
/ g
40 - »
Y
/
20 s

20 40 60 80 100 120

Actual

Design-E: rt® Softw
frso o e (c) Box-Cox Plot for Power Transforms

o]
a
\,
\\
8- \u\
Recommend transform: N
Nene N
(Lambda = 1) o N\
) AN
1] 7 hN
S b
b AN
2 N
14 65— \\
=
— \\
AN
\\
5 \
\
e N .
, I T
T T T T T T T
3 2 1 0 1 2 3
Lambda

Design-Expert® Software .
HI% (b) Normal Plot of Residuals
Color paints by value of
Hf %: P
98 9 99 — P g
.23 1 =
95 S m
E| =g
Z 90 5 e
] s
70 = p
2 &
o 50 £ a8
® o
© 30 £
E 20 H‘xﬂ
(=]
z 10 -
S m
54 &
.1 o

T T T
-2.00 -1.00 0.00 1.00 2.00 3.00

Externally Studentized Residuals

Design-Expert® Software (d) . .
Hf % Residuals vs. Predicted
Color points by value of 4.00 —| 291251
Hf %:
98.9
[
37.23 0
S m =
el 2.00
73
[0] m
4 ]
3 T
E=1 N [=] I (= ] [}
é 0.00 =
E L_[J
5] L] 0 g '.
> =] =}
5 [] g ©
5 200 0"
h
w
s1281
-1.00
T T T T T T

20 40 60 80 100 120

Predicted

Fig. 12 Diagrams of a predict versus actual, b normal plot, ¢ Box-Cox charts, d residual plot, for model adequacy in D-optimal method

surfactant concentration, the influence of mixing rate and
time, and the effect of changes in the emulsion volume ratio
on the external phase. Hafnium ion removal percentage was
selected as the response. By placing five factors at two lev-
els, 32 experiments were conducted, 20 of which were for
non-central points and 12 central points for experiments
involving hafnium ion extraction. The design matrix asso-
ciated with the removal of hafnium ions in each test is shown
in Table 3. ANOVA table and residual graphs in Fig. 12a—d
were used to evaluate the model’s accuracy and adequacy,
respectively.

Model verification and adequacy

Model verification

Analysis of variance (ANOVA) was used to verify the
model. The results of model variance analysis are shown

in Tables 4 and 5. As can be seen in Table 4, the “model”
p value (first row) is smaller than 0.05 (significant), while

the “lack of fit” is not significant. These together indicate
the selected model is valid. According to Table 4, BC, CD,
C? and E? factors have p value greater than 0.05, indicat-
ing that these statements are insignificant on the selected
model. Due to the great advantage of the D-optimal design
to enhance the selective model improvement, these insignifi-
cant sentences can be removed from the selected model. The
reduced quadratic modality was applied to eliminate non-
significant factors, using the backward algorithm in Design
expert 10 software. Table 5 shows the analysis of variance
of the reduced model. As can be seen, with the removal of
the terms BC, CD, C? and E?, the F value increased signifi-
cantly, which indicated that the quality of the selected model
was improved. In addition, the adjusted R-squared coeffi-
cient value for this model was 0.9752, indicating that the
input factors expressed 97% of the response factor variabil-
ity. This value has improved compared to the previous state.
As well as, the graph of the predicted values versus the real
values for the quadratic model is shown in Fig. 12a, which
shows good correlation and proximity to the real values
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Table 4 Analysis of variance

. . Source Sum of squares df Mean square F value p value

(ANOVA) D-optimal for Hf ion

removal Model 5864.88 20 293.24 52.80 <0.0001 Significant
A-X, 1441.35 1 1441.35 259.53 <0.0001
B-X, 317.04 1 317.04 57.09 <0.0001
C-X; 95.88 1 95.88 17.26 0.0016
D-X, 1356.76 1 1356.76 244.30 <0.0001
E-X; 217.50 1 217.50 39.16 <0.0001
AB 117.99 1 117.99 21.25 0.0008
AC 73.92 1 73.92 13.31 0.0038
AD 491.62 1 491.62 88.52 <0.0001
AE 287.56 1 287.56 51.78 <0.0001
BC 0.080 1 0.080 0.014 0.9067
BD 935.90 1 935.90 168.52 <0.0001
BE 153.45 1 153.45 27.63 0.0003
CD 3.75 1 3.75 0.68 0.4285
CE 88.60 1 88.60 15.95 0.0021
DE 142.50 1 142.50 25.66 0.0004
A? 43.38 1 43.38 7.81 0.0174
B? 50.43 1 50.43 9.08 0.0118
c 2.69 1 2.69 0.48 0.5012
D’ 30.08 1 30.08 542 0.0401
E? 3.96 1 3.96 0.71 0.4162
Residual 61.09 11 5.55
Lack of fit 47.07 6 7.85 2.80 0.1393 Not significant
Pure error 14.02 5 2.80
Cor total 5925.97 31
Std. dev.=2.36; mean=77.86; C.V. %=3.03; PRESS=1189.11; R-squared=0.9897; adj

R-squared=0.9709; pred R-squared =0.7993; adeq precision=31.66

(pred R-squared 0.9121). As reported in Table 5, the mean
of the data and its standard deviation are 77.86 and 2.28,
respectively. The press value in this table is 520, indicating
that the model conforms, to observations not included in the
model estimates themselves. The value of the coefficient of
variation is 2.80. A small value of the coefficient is desirable
as it would imply that the data dispersion is not large. The
signal value to the noise is introduced with adequate preci-
sion. In this proposed model, the adeq precision is 38.78.
Finally, the quadratic equation of linear regression can be
obtained with respect to Eq. 7. Given the values of Table 5,
the coefficients of the linear regression equation will be as
follows:

Hf% = +76.61 +7.75X A+ 3.63 x B—2.00 x C
+752xD—-301XE—-2.72%xAB
— 2.15x AC —5.54 x AD — 4.24 x AE
—7.65%xBD —3.10 x BE —2.35
x CE —298 XxDE + 1.27 x E?
+ 1.36 X B> — 0.96 x D*

(N
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Model adequacy

The next step is to check the adequacy and validity of the
model. In this step, by analyzing the residuals and the other
statistical analyzes, the suitability of the model is evaluated,
and the applicability of the model is decided. The result
of the model’s adequacy checking makes it possible to say
whether the model is appropriate, or that the original fit-
ting needs to be modified. Therefore, regression analysis is
a procedure with iteration and revision in which the data are
guided to a model. Then, the quality of the fit is examined.
The result will yield in the refinement in the fitting model
or acceptance of the model. The best process regression
model is a function that in addition to having high accu-
racy in communicating between input and output factors, is
of lower order and simpler structure [86]. After we obtain
the regression model of the problem, we must examine the
model assumptions. If the model has statistical adequacy,
the obtained equation is good. Otherwise, we should look
for methods such as conversion to solve the model problems.
Assumptions of regression models include: (1) residuals fol-
low the normal distribution, (2) the residuals are independent
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Table 5 Analy.sis. of variancp Source Sum of squares df Mean square F value p value
(ANOVA) optimized D-optimal
for Hf ion removal Model 5854.90 16 365.93 77.23 <0.0001 Significant
A-X, 1441.35 1 1441.35 304.19 <0.0001
B-X, 317.04 1 317.04 66.91 <0.0001
C-X; 95.88 1 95.88 20.24 0.0004
D-X, 1356.76 1 1356.76 286.34 <0.0001
E-X; 217.50 1 217.50 45.90 <0.0001
AB 117.99 1 117.99 24.90 0.0002
AC 73.92 1 73.92 15.60 0.0013
AD 491.62 1 491.62 103.76 <0.0001
AE 287.56 1 287.56 60.69 <0.0001
BD 935.90 1 935.90 197.52 <0.0001
BE 153.45 1 153.45 32.39 <0.0001
CE 88.60 1 88.60 18.70 0.0006
DE 142.50 1 142.50 30.08 <0.0001
A? 47.75 1 47.75 10.08 0.0063
B? 55.18 1 55.18 11.65 0.0039
D? 2745 1 27.45 5.79 0.0294
Residual 71.07 15 4.74
Lack of fit 57.06 10 5.71 2.04 0.2240 Not significant
Pure error 14.02 5 2.80
Cor total 5925.97 31

Std. dev.=2.18; mean=77.86; C.V. %=2.80; PRESS =520; R-squared =0.9880; adj R-squared =0.9752;
pred R-squared =0.9121; adeq precision=38.78

of each other, and (3) the variance of the residuals is equal.
The normal probability diagram (Fig. 12b) shows how the
residuals follow a normal distribution. Even with natural
data, some small deviations are expected. Curved, distinct
patterns that can be identified with just one glance indicate
that a better analysis can be obtained by performing a trans-
formation on the response-dependent model. The Box-Cox
curve is used to select the most appropriate power conver-
sion function for the response factor. The lowest point in
the Box-Cox chart represents the best value. When the ratio
of maximum to minimum response is greater than 3, there
will be a better ability to improve the model using the power
conversion function. The remainder of the sum of squares of
Fig. 12c is the best Box-Cox curve for A (the lowest point in
the graph). Nevertheless, because one is within confidence
4, no conversion is required. Figure 12d shows the graph of
the residuals versus response prediction values and exam-
ines the assumption of constant variance. The funnel pattern
can indicate that the variance between the residuals is not
constant. In addition, the existence of a pattern at times may
indicate that the model used is inappropriate. As shown in
Fig. 12d, the scattering is random. Thus, the constant vari-
ance condition is established.

Investigate the relationship of response
with relevant variables

Contour plot graphs

Contour plots influencing the test process can be seen in
Figs. 13 and 14a—d, according to the ANOVA table. Contour
plot two-dimensional diagrams such that it involves examin-
ing two factors simultaneously on the response rate, while
the other factors are on their specified points (upper, lower
and middle levels). In this chart is the interpretation in terms
of colors. According to contour plots, to get the maximum
response, two factors must be in the dark red range. Con-
clusions about the appropriate ranges of variables for the
removal of hafnium ions according to the results of Figs. 13
and 14a—d are listed in Table 6. For example, in Fig. 13a we
see two factors extraction concentration (X;) and surfactant
concentration (X,) with response rate, while factors X,, X;
and X; are in the lower, middle and lower positions, respec-
tively. By looking at this graph, we find that if factor X is at
its highest level (3.5-5) and factor (X,) is at its highest level
(3-5), the highest response rate for hafnium ion recovery
would be achieved.
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Fig. 13 Diagrams of the counter plot a carrier concentration (X,) ver-
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Optimization

According to the design of the experimental results, the
optimum points for maximum extraction are presented in
Fig. 15, which results in the highest response. As shown
in Fig. 15, the carrier concentration (4.49), surfactant con-
centration (3.90), W/O/W emulsion stirring time (11.49),
W/O/W emulsion stirring speed (310.54) and emulsion vol-
ume/feed phase ratio (2) will have the highest extraction
rate of 99.84%. One experiment was carried out with the
conditions suggested by Design Expert 10 to achieve the
highest extraction rate. The extraction rate of the test was
measured to be ~98.2% which is very close to the predicted
value of 99.84%.
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Conclusion

The emulsion liquid membrane method is an effective
method for the separation of low-concentration metals, in
which the separation method is quick, and the extraction
rate is high. It is noteworthy that it is important to select
the appropriate carrier material that can be complexed with
the heavy metal molecules to separate them. In this study,
Hafnium metal was captured from water and released into
a solution of water and HCI using ELM method. Since the
extraction of hafnium metal has not been carried out using
the emulsion liquid membrane method so far, the effect of
each of the process factors include polymer concentration,
surfactant concentration, emulsification time, internal phase
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Design-Expert® Software
Factor Coding: Actual

Removal Hf %

~~
=2
N

« Design Points
98.9

37.23
X1=B: X2
X2=E: X5

Actual Factors
Y 5

o
bl
"
8
E: Emulsion volume/Feed phase ratio

B: Surfactant concentration

(d)

Design-Expert® Software
Factor Coding: Actual

98.9

37.23
X1=D: X4
X2=E X5

Removal Hf %

Actual Factors
AX1=45

i X2 =
Ci X3 =20

E: Emulsion volume/Feed phase ratio

D: WIO/W emulsion stirring speed

W/O/W emulsion stirring time (X3) versus emulsion phase/feed phase
volume ratio (Xs5), d W/O/W emulsion stirring speed (X,) versus
emulsion phase/feed phase volume ratio (X5) with response rate

Table 6 Suitable ranges of
variables for the response

Factors Symbol Unit Factors ranges for Supporting graphs
high Hf removal

Carrier concentration X, viv) 3.545 Figure 14a—d

Surfactant concentration X, (w/v) 3-5 Figures 14a—15a, b

‘W/O/W emulsion stirring time X5 min 10-15 Figures 14b-15c, d

‘W/O/W emulsion stirring speed X, rpm 300400 Figures 14c—15a

Emulsion volume/feed phase ratio X; N/A 2-3 Figures 14d-15c, d

concentration (stripping phase) and volumetric phase ratio.
The oil into the internal phase on the membrane stability
was evaluated. The optimum conditions for emulsion stabil-
ity were polymer concentration 3 wt%, surfactant concen-
tration 4% (w/v), contact time 15 min, internal phase HCI
0.8 M concentration and the volume ratio of the membrane
to feed (1:1). As well as, the effect of carrier concentration,
surfactant concentration, W/O/W emulsion stirring time and

speed, and emulsion volume/feed phase ratio on extraction
and enrichment were investigated. In addition, optimum sep-
aration conditions in ELM process were obtained as: carrier
concentration 4.5% (v/v), surfactant concentration 4% (w/v),
W/O/W emulsion stirring time (15 min), W/O/W emulsion
stirring speed (350 rpm) and emulsion phase/feed phase
volume ratio (20/100). D-optimal test design via Design
Experiment 10 software was used to optimize the factors
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AX1=4.49998

10 20
C:X3 =11.4951

2 4
E:X5 =2.00225

Desirability = 1.000

Fig. 15 The optimum points of the factors to maximize the response

affecting the tests of ELM. Influence of parameters such as
carrier concentration, surfactant concentration, contact time,
stirring rate and the membrane-to-volume ratio was studied
using the results obtained from experiments and evalua-
tion with optimum points software to reach the maximum.
The suggested values by the software to get 0.99 extrac-
tion fraction were as follows: carrier concentration ~4.5%
(v/v), surfactant concentration 3.90% (w/v), W/O/W emul-
sion stirring time (~ 12 min), W/O/W emulsion stirring
speed ~310 rpm and emulsion phase-to-feed phase volume
ratio (20/100). The experiments with the suggested condi-
tions yielded ~ 0.98 extraction.
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